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ABSTRACT 


Used,  unwanted  scrubbing  liquor  consisting  of  an  equimolar  mbcture  of  nitrate  and  nitrite  dissolved  in 
a  highly  alkaline  solution  (pH  >  13)  is  now  disposed  of  as  a  hazardous  waste.  However,  this  waste  liquor 
can  be  converted  into  nitrate  fertilizer  by  oxidizing  the  nitrite  to  nitrate  with  ozone  and  neutralizing  the 
alkali  with  nitric  acid  to  form  a  nitrate  solution  at  pH  7.  This  report  describes  the  chemical  reactions, 
procedures,  and  equipment  necessary  for  converting  unwanted,  partially  depleted  scrubbing  liquor  into 
nitrate  fertilizer.  It  is  concluded  that  the  Hydrazine  Waste  Water  Treatment  System  at  Vandenberg  Air 
Force  Base  can  be  used,  with  only  slight  modification,  to  both  oxidize  and  neutralize  waste  liquor  and 
thereby  convert  it  to  fertilizer. 
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I.  THE  CHEMICAL  COMPOSITION  OF  DEPLETED  SCRUBBING  LIQUOR 
AND  ITS  CONVERSION  TO  FERTILIZER 


Liquid  nitrogen  tetroxide  (N2O4)  is  a  powerful  oxidizer  that  is  used  in  launch-vehicle  rockets  at 
Vandenberg  Air  Force  Base  (VAFB),  Cape  Canaveral  Air  Station  (CCAS),  and  the  Kennedy  Space  Center 
(KSC).  Nitrogen  tetroxide  is  a  highly  volatile  liquid,  producing  vapors  that  contain  a  mixture  of  N2O4 
and  NO2.  (NO2  is  nitrogen  dioxide,  which  is  a  dark  brown  gas.)  Some  of  these  vapors  end  up  as  waste 
in  a  nitrogen  or  helium  diluent  whenever  liquid  N2O4  is  loaded  into  a  rocket  at  the  launch  site  or 
transferred  into  a  storage  tank.  At  VAFB,  CCAS,  and  KSC,  these  vapors  are  passed  through  a  four- 
tower,  packed-column  scrubber,  where  they  react  with  the  scrubber  liquor,  which  is  a  highly  alkaline 
aqueous  solution.  A  highly  alkaline  solution  is  one  that  contains  a  high  concentration  of  hydroxide 
(OH~).  The  overall  stoichiometry  of  the  chemical  reactions  of  N2O4  and  NO2  in  an  alkaline  solution  is 
well-established.  The  only  reaction  products  are  nitrate  (NO3")  and  nitrite  (NO2"),  and  these  products 
are  formed  in  equal  amounts: 

2NO2  +  2  OH-  NO3-  +  NO2-  +  H2O  (1) 

N2O4  +  2  OH-  — >  NO3-  +  NO2-  +  H2O  (2) 

(Reactions  1  and  2  show  the  overall  chemical  stoichiometry,  that  is,  the  overall  material  balance;  neither 
NO2  nor  N2O4  reacts  directly  with  hydroxide  to  form  nitrate  and  nitrite.*) 

An  alkaline  solution  is  usually  prepared  by  dissolving  either  sodium  hydroxide  (NaOH)  or  potassium 
hydroxide  (KOH)  in  water.  Sodium  hydroxide  is  used  in  the  scrubbers  at  VAFB,  CCAS,  and  KSC 
because  it  is  cheaper  than  potassium  hydroxide.  Used,  unwanted  scrubbing  solution  is  currently  put  into 
containers  and  buried  in  a  Class  A  dump.  Nitrate  is  an  excellent  fertilizer,  while  nitrite  is  less  desirable. 
Therefore,  if  the  nitrites  in  the  used,  unwanted  scrubbing  solution  are  oxidized  to  nitrate  and  the  solution 
neutralized,  then  this  waste  scrubbing  solution,  so  treated,  could  be  used  as  a  fertilizer.  Many  soils  have 
too  much  sodium  and  too  little  potassium;  consequently,  the  quality  of  the  fertilizer  would  be  much 
improved  if  the  scrubbing  liquor  were  made  from  potassium  hydroxide  instead  of  from  sodium  hydroxide. 
This  report,  however,  describes  only  the  treatment  of  waste  scrubbing  solution  made  from  sodium 
hydroxide; 

The  scrubbing  solution  before  use  consists  of  25wt%  NaOH  and  75wt%  water.  The  hydroxide 
concentration  in  a  25  wt%  NaOH  solution  is  8.0  mol/L  (mole/liter),  assuming  complete  ionization  of  the 
NaOH.  The  pH  of  this  solution,  as  calculated  from  the  formula  pH  =  — log[H'^]  =  — log  (K^/[OH-], 
is  —log  (10-*^/8)  =  14.9.  The  pH  that  would  be  measured  with  a  pH  meter  would  be  somewhat  smaller. 
The  initial  volume  of  the  scrubbing  solution  in  the  Titan  IV  Oxidizer  Vapor  Scrubber  is  about  1300 
gallons,  or  5,000  liters.^  The  capacity  of  the  Oxidizer  Vapor  Scrubber  used  to  service  the  Space  Shuttle 
and  the  N2O4  storage  tanks  is  about  750  gallons,  or  2800  liters.^  As  N2O4/NO2  vapors  dissolve  and  react 
in  the  scrubbing  liquor,  the  volume  of  this  liquor  increases  slightly,  so  that  if  the  scrubbing  liquor  were 
used  until  completely  depleted,  that  is,  until  all  the  hydroxide  were  consumed,  then  the  concentrations 
of  nitrate  and  nitrite  in  the  solution  would  each  be  somewhat  less  than  4.0  mol/L.  Actually,  the  solution 
is  never  used  until  complete  depletion.  For  the  scrubbers  at  the  launch  sites,  the  scrubbing  liquor  is 
considered  spent  and  is  not  used  again  whenever  the  hydroxide  concentration  drops  to  between  one- 
quarter  and  two-thirds  of  its  initial  value."'  The  scrubbers  servicing  the  N2O4  storage  tanks  are  often  used 
until  the  hydroxide  in  their  liquor  is  about  90%  to  95%  depleted.  Since  the  initial  hydroxide 
concentration  is  8.0  mol/L,  and  since  the  solution  is  diluted  by  N2O4  addition,  waste  scrubbing  liquor 


1 


might  contain  between  5  and  0.5  mol/L  OH"  and  between  1.5  and  3.5  mol/L  NO2  and  NO3  . 

Under  a  blanket  of  an  inert  gas,  such  as  nitrogen,  a  highly  alkaline  solution  of  NO3"  and  NO2"  is  stable 
indefinitely.  The  alkaline  scrubbing  solution,  however,  is  stored  in  the  scrubber’s  sump  tank  under  a 
blanket  of  air.  Damschen  and  Martin^  bubbled  oxygen  through  solutions  containing  dissolved  nitrite  and 
nitrous  acid  (HNO2).  They  could  detect  no  reaction  between  oxygen  and  nitrite,  which  indicates  that  in 
the  absence  of  a  catalyst,  this  is  very  slow  reaction.  Nevertheless,  chemical  analysis  of  depleted 
scrubbing  liquor  reportedly  has  indicated  that  there  is  more  nitrate  present  than  nitrite.^  If  so,  this  would 
imply  that  some  of  the  nitrite  was  oxidized  to  nitrate  by  oxygen  in  the  air  in  spite  of  the  very  slow 
reaction  rate.  In  the  analyses  presented  in  this  report,  however,  it  is  assumed  that  the  depleted  scrubbing 
liquor  has  not  been  exposed  to  air  for  a  sufficiently  long  time  for  appreciable  nitrite  oxidation  to  have 
occurred.  Consequently,  the  nitrite  and  nitrate  concentrations  are  taken  to  be  equal.  These 
concentrations  can  each  be  as  large  as  3.5  mol/L. 

Highly  alkaline  nitrite  solutions  are  stable  indefinitely,  but  neutral  or  acidic  nitrite  solutions  are  not.  In 
slightly  alkaline,  neutral,  and  acidic  aqueous  solutions,  some  of  the  nitrite  reacts  with  hydrogen  ions  (H'^) 
to  form  nitrous  acid  (HNO2): 

NO2"  +  H-’  5=^  HNO2  (3) 

Nitrous  acid  slowly  disproportionates  to  form  dissolved  nitric  oxide  (NO(aq)).  The  stoichiometry  of  this 
reaction  is 


3HNO2  ^  2NO(aq)  +  H^  +  NO3- +  H2O  (4) 

Reaction  3  is  very  rapid  and  can  be  considered  instantaneous,  while  reaction  4  is  20.6  kJ/mol  endothermic 
and  proceeds  to  equilibrium  more  slowly.  In  a  dilute  aqueous  solution,  the  equilibrium  constant  for 
reactions  3  and  4  are  /ir3  =  [HN02]/[N02-][H^]  and  /Q  =  [N0(aq)]2[H^][N03-]/[HN02]^  where  the 
brackets  denote  concentration  in  mol/L.  The  depleted  scrubbing  liquor,  however,  is  a  highly  concentrated 
solution,  and  these  expressions  for  and  K4  should  be  considered  only  approximately  accurate.  The 
value  of  the  equilibrium  constant  Kj  is  known  to  within  10%.  Schwartz  and  White*  recommended 
=  1.96  X  10^  L/mol  at  25®C.  This  recommendation  was  subsequently  confirmed  by  the  measurements 
of  Park  and  Lee.^  The  value  of  the  equilibrium  constant  K4  is  not  well  established.  Schwartz  and  White* 
recommended  K4  =  1.12  x  10"^  mol/L  at  25®C,  but  this  value  may  be  accurate  only  to  within  a  factor 
of  ten.* 

Nitric  oxide  (NO)  is  a  toxic  gas  that  is  not  particularly  soluble  in  water.  An  aqueous  solution  containing 
dissolved  nitric  oxide  will  therefore  continuously  release  nitric  oxide  gas.  Nitric  oxide  is  immediately 
dangerous  to  life  and  health®  when  its  concentration  exceeds  100  ppm.  The  solubility  constant,  or  Henry’s 
law  constant,  for  nitric  oxide*  in  a  dilute  aqueous  solution  is  i/fjo  =  [NO(aq)]/PNo  ~  1.90  x  10“^ 
mol  L"*  bar"*  =  1.93  x  10"^  mol  L"*  atm"‘,  where  Pnq  is  the  partial  pressure  of  nitric  oxide. 

Figure  1  gives  the  results  of  calculations  using  the  values  of  K^,  K4,  and  given  in  the  previous 
paragraphs.  Plotted  in  this  figure  is  the  equilibrium  partial  pressure  of  nitric  oxide  P^o  above  a  solution 
containing  3.0  mol/L  nitrate  and  varying  amounts  of  nitrite  as  a  function  of  pH.  The  nitrate 
concentrations  of  interest  range  from  1.5  mol/L  to  7.0  mol/L.  The  nitrate  could  be  as  low  as  1.5  mol/L 
in  waste  scrubbing  liquor  before  any  of  the  nitrite  is  oxidized  to  nitrate,  and  might  be  as  high  as  7.0 
mol/L  after  oxidation  of  nitrite  to  nitrate  is  complete.  The  calculations  in  Figure  1  were  performed  only 
for  [NO3"]  =  3.0 mol/L.  Changing  the  assumed  nitrate  concentration  from  3.0  mol/L  to  1.5  mol/L  or 
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to  6.0mol/L  would  change  the  calculated  value  of  by  only  a  factor  of  a/2  =  1.41,  which  is  small 
in  comparison  to  the  uncertainty  in  the  calculations. 

The  nitric  oxide  partial  pressure  calculated  and  plotted  in  Figure  1  is  the  partial  pressure  that  might  be 
measured  in  the  ullage  above  a  nitrite/nitrate  solution  stored  in  a  sealed  container.  The  nitric  oxide  partial 
pressure  above  a  nitrite/nitrate  solution  in  an  open  container  would  be  much  smaller.  This  is  because  the 
rate  of  release  of  gaseous  NO  from  a  nitrite/nitrate  solution  is  slow  in  comparison  to  the  rate  of  transport 
of  vapors  away  from  the  surface  of  the  solution  by  natural  convection. 

The  calculated  values  of  Pno  in  Figure  1  are  uncertain,  partly  because  of  the  uncertainty  in  the  value  of 
and  partly  because  the  expressions  used  for  K^,  and  namely,  =  [HN02]/[N02"][H^]  and 
=  [N0(aq)]2[H^][N03-]/[HN02]^  and  =  [NO(aq)]/PNo,  are  only  uncertain  approximations  in 
concentrate  solutions.  It  is  difficult  to  estimate  the  error  in  the  calculated  values  of  Pnq,  but  a  good 
guess  might  be  that  the  error  can  be  as  large  as  a  factor  of  10,  and  that  the  true  values  of  P^o  nre  more 
likely  to  be  greater,  rather  than  smaller,  than  the  calculated  values.  Nevertheless,  in  spite  of  their  large 
uncertainty,  the  calculated  results  in  Figure  1  lead  to  some  definite  and  pertinent  conclusions: 

(1)  A  highly  alkaline  solution  containing  1.5  to  3.5  mol/L  each  of  nitrite  and  nitrate  is  stable. 
For  example,  as  shown  in  Figure  1,  the  equilibrium  partial  pressure  of  nitric  oxide  over  a  pH  13 
solution  containing  1  mol/L  NO2”  and  3.0  mol/L  N03“  is  calculated  to  be  only  3  x  10~*  atm, 
or  0.03  ppm.  Spent  scrubbing  liquor  is  expected  to  have  a  pH  near  14,  which  would  make  P^o 
even  smaller. 

(2)  If  a  solution  containing  1.5  to  3.5  mol/L  each  of  nitrite  and  nitrate  is  neutralized  to  pH  7, 
unacceptably  large  amounts  of  nitric  oxide  will  be  produced.  For  example,  the  equilibrium 
partial  pressure  of  nitric  oxide  over  a  solution  containing  1  mol/L  N02“  and  3  mol/L  N03“  is 
calculated  to  be  0.03  atm  (30,000  ppm).  Because  of  the  uncertainty  in  K^,  the  actual  nitric  oxide 
partial  pressure  could  be  even  greater.  To  avoid  unacceptably  large  values  of  Pno>  tbe  nitrite  in 
solution  must  be  oxidized  to  nitrate  before  neutralization  to  pH  7. 

(3)  Not  all  the  nitrite,  however,  has  to  be  oxidized  to  nitrate  before  neutralization  can  begin. 
For  example,  the  pH  of  a  solution  containing  0.1  mol/L  nitrite  can  be  reduced  from  14  to  11 
(which  is  a  thousandfold  reduction  in  hydroxide  concentration),  and  still  the  nitric  oxide  partial 
pressure  would  be  less  than  10“^  atm,  or  0.1  ppm. 

(4)  Not  all  the  nitrite  must  be  oxidized  to  nitrate  to  produce  a  chemically  stable  solution  at  pH  7. 
For  example,  the  calculated  equilibrium  partial  pressure  of  NO  above  a  solution  containing 
0.01  mol/L  N02"  (and  3.0 mol/L  N03“)  is  about  3  x  10'^  atm  or  30 ppm.  When  the  nitrite 
concentration  is  0.001  mol/L,  the  calculated  nitric  oxide  partial  pressure  is  only  about  1  x  10"® 
atm,  or  1  ppm. 

Nitrite  in  aqueous  solution  is  not  highly  toxic.  Sodium  and  potassium  nitrite  are  used  to  cure  meats,  such 
as  sausages  and  hot  dogs.  Nitrite  is  a  natural  component  of  healthy  soils,  being  produced  by  the 
oxidation  of  ammonia  (NH3);  soil  bacteria  then  oxidize  the  nitrite  to  nitrate.*®  It  should  not  be  necessary, 
therefore,  to  reduce  the  nitrite  concentration  in  the  spent  scrubbing  liquor  to  vanishingly  small  levels 
before  the  spent  scrubbing  liquor  is  disposed  of  or  used  as  a  fertilizer.  According  to  the  Merck  Index 
(11th  edition,  1989),  sodium  or  potassium  nitrite  is  about  10  times  more  toxic  to  rabbits  than  is  sodium 
or  potassium  nitrate.  Reducing  the  nitrite  concentration  in  the  spent  scrubbing  solution  to  0.01  mol/L 
would  mean  that  the  nitrate  concentration  in  this  solution  would  exceed  the  nitrite  concentration  by  at  least 
a  factor  of  300.  The  toxicity  of  the  nitrite  in  such  a  solution  would  be  negligible  in  comparison  to  the 
toxicity  of  the  nitrate.  For  this  reason,  it  would  seem  safe  to  assume  that  lowering  the  nitrite 
concentration  to  0.01  mol/L  would  meet  the  requirements  of  the  regulatory  agencies,  provided  the  pH 
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of  the  solution  is  near  7  and  the  equilibrium  partial  pressure  of  nitric  oxide  above  this  solution  does  not 
greatly  exceed  the  values  given  in  Figure  1.  Of  all  the  common  chemical  oxidizing  agents,  ozone  seems 
to  be  the  best  choice  for  oxidizing  nitrite  to  nitrate  in  an  alkaline  solution.  As  is  discussed  by  Hank 
Judeikis  in  an  Aerospace  internal  memorandum,"  nitrite  oxidation  by  hydrogen  peroxide  (H2O2)  occurs 
only  in  acidic  solutions,  and  oxidation  by  molecular  oxygen  (O2)  doesn’t  seem  to  occur  at  all.  Oxidation 
by  hyperchlorous  acid  (HCIO)  would  produce  sodium  chloride,  which  is  an  undesirable  ingredient  of  any 
fertilizer.  (Adding  a  concentrated  solution  of  sodium  chloride  to  the  soil  is  like  adding  concentrated  sea 
water.) 

The  remainder  of  this  report  is  divided  into  three  sections.  Section  II  discusses  the  reaction  between 
ozone  and  nitrate;  Section  HI,  the  neutralization  of  waste  scrubbing  solutions;  and  Section  IV,  choosing 
the  right  equipment  and  procedures. 
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n.  THE  REACTION  BETWEEN  OZONE  AND  NITRITE 


The  reaction  between  ozone  and  nitrite 

O3  +  NOj-  — *  NO3-  +  O2  (5) 

has  been  studied  repeatedly.^- The  reaction  rate  constant  in  a  dilute  aqueous  solution  is  1.6 
X  lO^Lmol"^  s"*  at  9.1°C  and  5.0  x  lO^Lmor*  s“*  at  25°C.  The  rate  of  reaction  is  independent  of 
pH,  and  the  only  reaction  product  reported  is  nitrate.  The  heat  of  reaction  AtH°  is  -243kJ/mol  at 
25°C.**  (The  negative  sign  denotes  that  heat  is  given  off  and  the  reaction  is  exothermic.) 

Since  ozone  is  a  gas,  the  reaction  of  ozone  with  nitrite  dissolved  in  an  aqueous  solution  would  have  to 
take  place  in  a  gas-liquid  reactor,  such  as  a  packed  column  reactor  or  a  bubble  column  reactor.  Figures 
2  and  3  contain  diagrams  of  these  reactors.  The  time  for  ozone,  uniformly  dissolved  in  an  aqueous 
solution,  to  react  with  nitrite  is  1/(^5  [N02“]),  which  at  25°C  is  less  than  200  fis  when  [NO2"]  > 
0.01  mol/L.  When  [NO2"]  is  2.0  mol/L,  the  chemical  reaction  time  is  just  1  fis.  A  reaction  time  of  even 
200  /IS  is  short  in  comparison  to  gas-phase  and  liquid-phase  transport  times  within  a  bubble  column 
reactor,  within  a  packed  column  reactor,  or  within  most  other  gas-liquid  reactors.  For  such  reactors,  the 
rate  at  which  ozone  reacts  with  nitrite  in  aqueous  solution  will  be  determined,  at  least  in  part,  by  the  rate 
at  which  ozone  is  transported  from  the  gas  phase  to  the  liquid/gas  interface  or  by  the  rate  of  diffusion  or 
mixing  within  the  liquid  phase,  or  by  some  combination  of  gas-  and  liquid-phase  transport. 

The  Henry’s  law  constant  Hqj  for  ozone  dissolving  in  aqueous  solutions  is*® 

Ho3  =  [O3(aq)]/Po3 

=  {expA,„„5®/R}{exp-4„,„H‘>/Rr}  (6) 

=  {exp-(12.20  -1-  2.6594)}{exp((2297  +  688I^)/T)}  mol  L-^  bar'^  (7) 

where  is  the  standard  entropy  of  solution;  the  standard  enthalpy;  Jt,  the  gas  constant 

(8.314  Jmor^K"^);  T,  the  absolute  temperature  in  kelvin;  and  4,  the  molar  ionic  strength  (4  = 
where  q  is  the  molar  concentration  of  each  ion  in  solution  and  z,-  is  its  electrical  charge).  The  numerical 
values  of  Asoin-^'’  and  Asoi„H°  in  Eq.  (7)  were  determined  by  Kosak-Channing  and  Helz*®  from  their 
measurements  of  O3  absorption  in  aqueous  solutions  having  ionic  strengths  from  0  to  0.6  mol/L  and 
temperatures  from  5°C  to  30°C.  As  expected,  and  As<j,„77°  were  found  to  be  independent  of 

temperature,  but  to  vary  with  ionic  strength.  Equation  (7)  is  ^most  certainly  accurate  at  higher-than- 
measured  temperatures,  at  least  up  to  70°C  or  80°C,  but  its  accuracy  at  higher-than-measured  ionic 
strengths  is  uncertain.  Moreover,  Hq^  depends  on  the  chemical  properties  of  the  dissolved  species,  not 
just  on  its  ionic  strength.  Equation  (7)  gives  Hq}  =  1.12  x  10“^mol  L"*  bar"^  at  25°C  for  pure  water 
(4  =  0),  and  H03  =  7  X  10"^  mol  L”‘  bar"*  at  25°C  for  a  solution,  such  as  waste  scrubbing  liquor,  that 
has  an  ionic  strength  equal  to  about  8  mol/L.  The  value  of  Hqj  deduced  from  Eq.  (7)  may  not  be  highly 
accurate  when  4  “  ^  mol/L,  but  there  is  no  doubt  that  ozone  is  much  less  soluble  in  concentrated 
aqueous  solutions  than  in  pure  water.  This  reduced  solubility  must  be  considered  when  using 
measurements  of  ozone  consumption  in  dilute  solutions  to  pr^ict  ozone  consumption  in  highly 
concentrated  solutions.  Regardless  of  ionic  strength,  the  solubility  of  ozone  decreases  with  increasing 
temperature.  For  example,  Eq.  (7)  predicts  that  the  solubility  of  O3  in  a  solution  having  an  ionic  strength 
equal  to  8  mol/L  decreases  by  a  factor  of  16  as  the  temperature  of  the  solution  is  increased  from  25°C 
to  60°C.  Ozone,  of  course,  must  dissolve  in  the  waste  scrubbing  liquor  before  it  can  oxidize  the  nitrite 
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Figure  2.  A  diagram  of  a  packed  column  reactor.  This  reactor  is  the  most  common  type  of  gas-liquid 
reactor.  Gas,  in  this  case,  a  mixture  of  O3  and  Oj,  flows  into  the  reactor  from  the  bottom  and  exits  at 
the  top.  Liquid,  in  this  case  waste  scrubbing  liquor,  is  pumped  from  the  sump  tank  to  the  top  of  the 
column,  where  it  is  sprayed  onto  the  packing  material.  TTie  liquid  flows  down  over  the  packing, 
returning  to  the  sump  tank.  Packed  column  reactors  are  popular  because  the  inlet  gas  can  be  at  a  low 
pressure,  since  the  pressure  drop  across  the  column  is  small.  A  low  inlet  pressure  is  not  a  requirement, 
however,  when  using  mixtures  of  O3  and  O2,  since  these  mixtures  are  produced  by  ozonators  that  operate 
at  about  30  psig.  Several  types  of  packing  material  are  in  common  use.  The  oxidizer  vapor  scrubbers 
at  KSC,  VAFB,  and  CCAFS  are  filled  with  Pall  rings. 
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reactor  typically  has  a  lower  capital  cost  than  other  gas-liquid  reactors.  They  are  often  more  efficient  than  packed  column  reactors. 
The  HWWTS  bubble  column  reactors  are  used  to  oxidize  and  destroy  waste  hydrazine  dissolved  in  water.  They  could  be  used, 
with  only  minor  modifications,  to  oxidize  and  neutralize  waste  scrubbing  liquor  and  so  convert  it  to  fertilizer.  (This  diagram  is 
an  idealization  in  that  all  the  bubbles  are  depicted  as  having  the  same  size  instead  of  a  range  of  sizes  and  frothing  is  ignored.) 


in  the  liquor.  The  reduced  solubility  of  ozone  with  increasing  temperature  means  that  the  rate  of 
oxidation  of  nitrite  will  decrease  with  increasing  temperature.  The  magnitude  of  this  decrease  would 
depend  on  the  relative  importance  of  gas-phase  and  liquid-phase  transport.  If  the  overall  reaction  rate 
is  limited  primarily  by  the  rate  at  which  ozone  molecules  in  the  gas  phase  are  transported  to  the  gas-liquid 
interface,  then  a  decrease  in  the  solubility  of  ozone  in  the  waste  scrubbing  solution  would  not  greatly 
change  the  rate  at  which  ozone  oxidizes  nitrite.  But  if  the  overall  reaction  rate  is  instead  limited  primarily 
by  diffusion  and  mixing  within  the  liquid  phase,  a  decrease  in  O3  solubility  would  slow  down  the  rate 
of  nitrite  oxidation. 

Ozone  will  also  react  with  hydroxide,  but  at  a  slower  rate 

O3  +  OH-  — *  O2  +  HO2-  (8) 

The  rate  constant'’  for  this  reaction  in  dilute  aqueous  solution  is  fcg  =  40Lmol-^  s"*  at  20°C,  which  is 
a  factor  of  10  smaller  than  the  rate  constant  ks  for  the  O3/NO2-  reaction.  Reaction  8  is  undesirable 
because  it  destroys  ozone  without  oxidizing  nitrite  to  nitrate.  In  addition,  each  HO2-  ion  produced  in 
reaction  8  can  react  with  and  destroy  an  unknown  number  of  ozone  molecules  via  a  not-yet-completely 
elucidated  set  of  chain  reactions.'’  Reaction  8  and  the  subsequent  reactions  that  destroy  ozone  can  be 
made  unimportant  by  keeping  the  concentration  ratio  [N02"]/[0H-]  sufficiently  large.  This  can  be  done 
by  continually  adding  acid  to  the  waste  scrubbing  liquor  as  the  nitrite  concentration  is  being  decreased 
by  reaction  with  ozone.  In  addition,  some  acid  may  also  have  to  be  added  to  the  waste  scrubbing  liquor 
before  it  is  treated  with  ozone,  especially  if  the  initial  hydroxide  concentration  is  greater  than  the  nitrite 
concentration.  It  is  not  possible  at  this  time  to  specify  how  large  the  concentration  ratio  [N02-]/[0H"] 
must  be  to  make  reaction  8  unimportant.  This  is  because  the  relative  rates  of  reactions  5  and  8  depend 
not  only  on  the  ratio  A:5[N02-]/A:8[0H-],  but  also  on  the  rates  of  molecular  diffusion  and  convective 
transport,'*  which  vary  from  reactor  to  reactor.  As  was  discussed  in  section  I  and  as  will  be  discussed 
again  in  section  III,  the  ratio  [N02-]/[0H-]  can’t  be  made  too  large;  otherwise,  the  waste  scrubbing 
liquor  will  release  NO.  The  acceptable  range  of  values  for  [N02-]/[0H-]  will  vary  with  the  gas-liquid 
reactor  and  can  best  be  determined  for  each  reactor  of  interest  by  performing  tests  in  that  reactor  or 
perhaps  in  a  pilot  scale  version  of  the  reactor.  The  Air  Force  has  funded  two  laboratory  studies'’’’"  in 
which  ozone  was  bubbled  through  synthetic,  depleted  scrubbing  solution,  until  nitrite  was  completely  or 
nearly  completely  oxidized  to  nitrate.  In  neither  study,  was  any  thought  given  to  controlling  the 
concentration  ratio  [N02"]/[0H-],  yet  there  was  no  good  evidence  reported  in  these  studies  that  indicates 
that  either  reaction  8  was  destroying  an  appreciable  fraction  of  the  ozone  or  that  the  solution  was 
releasing  NO.  Therefore,  it  would  seem  that  there  might  be  a  broad  range  of  values  for  [N02"]/[OH-] 
for  which  reaction  8  is  unimportant  and  NO  is  not  released. 

Most  chemical  reaction  systems  produce  at  least  a  few  unwanted  by-products.  This  does  not  seem  to  be 
true  for  the  reaction  of  O3  with  depleted  scrubbing  liquor.  A  literature  search  revealed  no  unwanted  side 
reactions  except  with  hydroxide,  and  by  controlling  the  hydroxide  concentration,  it  should  be  possible 
to  make  this  reaction  unimportant.  Also  the  effect  of  the  O3/OH-  reaction,  insofar  as  is  known,  is  merely 
to  destroy  ozone,  not  to  produce  undesirable  compounds  that  would  degrade  the  quality  of  the  final 
product,  which  is  nitrate  fertilizer.  No  by-products  were  reported  in  the  two  Air  Force  funded  laboratory 
studies'®’’"  in  which  ozone  was  bubbled  through  an  alkaline  nitrite  solution.  Apparently,  all  that  was 
observed  was  that  ozone  oxidized  nitrite  to  nitrate,  as  expected. 

Ozone  is  so  reactive  that  it  can’t  be  purchased  or  stored  for  long.  It  is  produced,  as  needed,  by  an  ozone 
generator  in  which  pure,  dry  oxygen  (O2)  is  passed  through  a  silent  electric  discharge  to  produce  a 
mixture  of  1.5  to  3.5  mole%  O3  in  O2.  Let  us  consider  in  detail  what  happens  when  a  gaseous  mixture 
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containing  3.0  moIe%  O3  in  Oj  comes  into  contact  with  waste  scrubbing  liquor  in  a  gas-liquid  reactor, 
such  as  a  bubble  colunm  reactor,  a  bubble-cap  tray  reactor,  or  a  packed  column  reactor.  If  the  reactor 
is  efficient,  all  the  ozone  in  the  gas  mixture  will  react  with  the  nitrite  in  the  waste  scrubbing  liquor, 
producing  heat.  The  oxygen  is  nonreactive,  and  after  passing  through  the  reactor,  it  will  be  vent^  to 
the  atmosphere.  The  oxygen,  because  it  is  dry,  will  cause  some  of  the  water  in  the  waste  scrubbing 
liquor  to  evaporate,  thereby  cooling  this  liquor.  Initially,  the  heat  from  the  0j/N02“  reaction  will  be 
greater  than  the  cooling  by  evaporation,  and  the  temperature  of  the  waste  scrubbing  liquor  will  rise.  But 
an  increased  temperature  will  result  in  more  evaporation  and  greater  cooling.  Eventu^ly,  a  steady  state 
will  be  reached  in  which  the  temperature  will  increase  no  more  because  the  heat  produced  by  chemical 
reaction  is  balanced  by  the  cooling  due  to  evaporation.  This  steady-state  temperature  can  be  easily 
calculated  if  we  make  a  couple  of  reasonable  approximations,  namely,  (1)  the  amount  of  heat  lost  by 
water  evaporation  greatly  exceeds  the  amount  of  heat  lost  through  the  walls  of  the  reactor  and  (2)  the 
partial  pressure  of  the  water  vapor  in  the  oxygen  leaving  the  reactor  is  equal  to  the  vapor  pressure  of 
water  above  the  waste  scrubbing  liquor  as  calculated  from  Raoult’s  law.  The  first  approximation  results 
in  a  calculated  temperature  that  is  somewhat  too  high;  the  second  approximation,  in  a  temperature  that 
is  too  low.  Together,  both  approximations  should  yield  a  fairly  accurate  estimate  of  the  steady-state 
temperature  within  the  reactor. 

The  vapor  pressure  of  pure  water  >s  adequately  given  by  Eq.  (9),  which  is  an  Antoine  fit  to  data  given 

in  the  current  edition  of  the  Handbook  of  Chemistry  and  Physics: 

log  Py  =  5.195  -  [1732/(7  +  233.76)]  (9) 

where  Py*  is  in  bar  and  T  is  in  °C.  Equation  (9)  is  accurate  for  0  <  7  <  100  °C.  Raoult’s  law  states  that 
the  vapor  pressure  of  water  Py  in  an  aqueous  solution  is 

—  %20(aq)-P V  (10) 


where  XH20(aq)  Is  the  mole  fraction  of  water  in  the  solution.  For  waste  scrubbing  liquor,  XH20(aq)  is  about 
0.87.  Under  steady-state  conditions,  the  heat  produced  by  the  03/N02~  reaction  will  be  bianced  by  the 
cooling  produced  by  evaporation,  that  is, 


Xq^AtH  + 


%20(aq)^v 
1  ~  -^HSOCafO^v  fP t 


AvapH  =  0 


(11) 


where  Xq^  is  the  mole  fraction  of  ozone  in  the  O3/O2  mixture,  AtH  is  the  molar  heat  of  the  O3/NO2" 
reaction  =  — 243kJ/mol,  AvapH  is  the  molar  heat  of  vaporization  of  water  =  44kJ/mol,  Xjijocaq)  is  the 
mole  fraction  of  water  in  the  scrubbing  liquor  =  0.87,  P,  is  the  total  pressure  =  1.013  bar,  and  Py*  is 
the  vapor  pressure  of  pure  water,  which  is  given  by  Eq.  (9).  Solving  Eq.  (11)  for  jcqs  =  0.03  gives  a 
steady-state  temperature  of  56®C  (133°F). 


It  would  probably  be  desirable  to  operate  at  a  lower  temperature.  The  chemical  reactor  is  less  likely  to 
experience  corrosion  at  a  lower  temperature,  and  the  efficiency  of  the  reactor  will  most  likely  be  greater 
because  the  solubility  of  ozone  is  greater  at  lower  temperatures.  It  should  not  be  difficult  or  costly  to 
keep  the  scrubbing  liquor  5°C  to  15°C  above  ambient  temperature. 
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m.  NEUTRALIZATION  OF  WASTE  SCRUBBING  SOLUTION 


Used,  partially  depleted  scrubbing  liquor  is  a  highly  alkaline  solution,  containing  a  high  concentration 
of  hydroxide  (OH").  Alkaline  solutions  can  be  neutralized  by  reaction  with  almost  any  acid  that  ionizes 
in  water  to  produce  hydrogen  ions  The  neutralization  reaction  is 

OH"  +  H*  ^  HjO  (12) 

The  standard  heat  of  neutralization,  which  is  the  enthalpy  change  of  reaction  12  in  a  dilute  aqueous 
solution,  is  —55.836  kJ/mol.’^ 

Waste  scrubbing  liquor  can  be  neutralized,  for  example,  with  nitric  acid  (HNO3).  The  stoichiometry  of 
this  reaction  is 


HNO3  +  OH"  — >  NO3-  +  HjO  (13) 

The  heat  of  this  reaction  in  a  dilute  solution  is  the  standard  heat  of  neutralization  (—55.836)  plus  the  heat 
of  dilution  of  nitric  acid,  which  for  a  concentrated  nitric  acid  solution  (70  wt%)  is  —16.3  kJ/mol.*’ 

If  only  nitric  acid  is  used  to  neutralize  the  waste  scrubbing  liquor,  the  final  product  will  be  pure  nitrate 
fertilizer,  that  is,  a  solution  of  sodium  nitrate  in  water.  The  solubility  of  sodium  nitrate  in  water  is  6.7 
mol/L  at  0°C,  7.6  mol/L  at  20‘’C,  and  7.9  mol/L  at  25°C.  (These  solubilites  were  computed  from 
evaluated  data  given  in  refs.  21  and  22.)  Virgin  scrubbing  liquor  is  8.0  mol/L  NaOH.  This  solution  is 
diluted  somewhat  as  it  scrubs  N2O4/NO2  vapors.  Addition  of  nitric  acid  will  dilute  it  further. 
Evaporative  losses  during  ozonation  will  make  the  solution  more  concentrated.  The  concentration  of 
NaN03  in  the  final  product  usually  should  not  exceed  6.7  to  7.0  mol/L,  which  will  ensure  that  there  will 
be  no  nitrate  precipitation,  even  if  the  temperature  of  the  solution  drops  to  5°C  (41®?).  Slightly  higher 
concentrations  (—7.4  mol/L)  would  be  tolerable  if  it  could  be  assured  Aat  the  temperature  of  the  solution 
would  not  drop  below  20°C  (68 °F)  or  if  the  solution  is  to  be  pumped  into  an  evaporation  pond  to  remove 
the  water  and  obtain  sodium  nitrate  crystals.  The  concentration  of  NaN03  in  the  final  product  can  be 
kept  below  6.7  to  7.4  mol/L  by  neutralizing  with  nitric  acid  that  is  not  too  concentrated. 

Sulfuric  acid  (H2SO4)  also  reacts  with  hydroxide: 

H2SO4  +  2  0H-  SO42-  +  2H2O  (14) 

The  heat  of  this  reaction  in  a  dilute  solution  is  the  standard  heat  of  neutralization  (—55.836  kJ/mol)  plus 
the  heat  of  dilution  of  sulfuric  acid,  which  is  —95.3  kJ/mol  for  pure  sulfuric  acid.  Sulfate,  like  nitrate, 
is  a  fertilizer;  however,  sodium  sulfate,  like  most  sulfates,  is  not  highly  soluble  in  water.  The 
concentration  of  hydroxide  in  the  waste  scrubbing  liquor  is  between  0.5  and  5.0  mol/L.  So  if  sulfuric 
acid  were  used  to  neutralize  this  hydroxide,  the  concentration  of  sulfate  after  neutralization  would  be 
between  0.25  and  2.5  mol/L,  assuming  the  water  lost  to  evaporation  during  the  ozone  oxidation  of  nitrite 
were  replaced.  After  oxidation  of  the  nitrite  is  complete,  the  approximate  concentration  of  nitrate  (in 
mol/L)  would  be  8.0  —  2  [S04^"],  or  between  3.0  and  7.5  mol/L.  Figure  4  gives  the  solubility  of  sodium 
sulfate  in  an  aqueous  solution  containing  between  1.0  and  8.0  mol/L  sodium  nitrate.  The  solubility  is 
small  at  20°C  and  decreases  sharply  with  decreasing  temperature.  For  example,  at  20°C  about  0.8  mol/L 
Na2S04  can  dissolve  in  a  4-mol/L  NaN03  solution,  while  at  0®C  only  0. 1  mol/L  Na2S04  is  soluble. 
Precipitation  should  be  avoided  within  gas-liquid  reactors.  Consequently,  only  a  small  amount  of  sulfuric 
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Figure  4.  The  concentrations  of  sodium  nitrate  and  sodium  sulfate  in  saturated  solutions  at  0®,  20®,  25®C.  Above  each  curve  is  written  the 
chemical  composition  of  the  precipitate:  S  =  Na2S04,  N  =  NaNOj,  S-10  =  Na2SO4-10H2O,  S-N-2  =  NaN03-Na2S04-2H20. 
The  data  plotted  in  this  graph  are  taken  from  ref.  21. 


acid  should  be  used  to  neutralize  the  hydroxide  in  these  reactors.  Nitric  acid  should  be  used  to  neutralize 
most  of  the  hydroxide  not  neutralized  by  sulfuric  acid  because  nitrates  are  highly  soluble.  Unless  there 
is  waste  sulfuric  acid  available  that  must  be  disposed  of,  it  would  probably  be  more  convenient  to 
neutralize  the  waste  scrubbing  liquor  using  only  nitric  acid. 

Orthophosphoric  acid  H3PO4  (which  is  often  just  called  phosphoric  acid)  also  reacts  with  hydroxide.  The 
stoichiometry  of  the  reaction  depends  upon  the  pH  of  the  solution  after  reaction  is  complete.  If  the  pH 
is  near  7,  the  approximate  stoichiometry  is 

3  OH-  +  2H3PO4  —  H2PO4-  +  HPO42-  +  SHjO  (15) 

That  is,  at  pH  7,  H2PO4-  and  HP04^-  are  present  in  roughly  equal  amounts,  forming  a  buffered  solution. 
Phosphates  are  excellent  fertilizers;  however,  when  phosphoric  acid  is  added  to  a  highly  alkaline  solution, 
a  precipitate  is  formed.  Phosphoric  acid  is  much  more  soluble  in  mildly  alkaline  and  neutral  solutions.^* 
Consequently,  some  waste  phosphoric  acid  can  be  added  to  the  waste  scrubbing  liquor  after  it  has  been 
partially  neutralized  by  another  acid.  A  laboratory  investigation  would  be  required  to  determine  the 
maximum  amount  that  can  be  added. 

Waste  organic  acid,  such  as  waste  acetic  acid,  could  undoubtedly  be  added  to  the  waste  scrubbing  liquor 
in  small  amounts,  perhaps  even  in  sizable  amounts.  Addition  of  hydrochloric  acid  (HCl),  especially  in 
sizable  amounts,  is  undesirable  because  a  solution  of  NaCl  is  formed,  which  is  deleterious  to  all  soils. 
Therefore,  it  seems  the  best  approach  would  be  to  neutralize  the  waste  scrubbing  liquor  with  nitric  acid, 
augmented  with  smaller  amounts  of  waste  sulfuric,  phosphoric,  and  acetic  acids  that  would  otherwise  be 
disposed  of  as  hazardous  waste.  It  might  be  acceptable  to  add  a  small  amount  of  waste  HCl  as  well.  The 
waste  acids,  of  course,  cannot  contain  an  unacceptably  large  concentration  of  dissolved  heavy  metals. 

As  is  discussed  in  Section  II,  the  scrubbing  liquor  should  be  partially  neutralized  as  the  nitrite  is  being 
oxidized  to  nitrate  to  minimize  the  importance  of  the  O3/OH-  reaction,  which  destroys  ozone,  without 
oxidizing  nitrite.  However,  when  concentrated  acid  is  dumped  into  a  concentrated  alkaline  nitrite 
solution,  a  cloud  of  brown  gas  is  sometimes  produced  as  the  acid  starts  to  mix  with  the  alkaline  nitrite 
solution.  The  brown  gas  is  nitrogen  dioxide.  Nitrogen  dioxide  is  released  whenever  the  concentration 
of  H"^  in  the  acid  is  much  greater  than  the  concentration  of  OH"  in  the  alkaline  nitrite  solution  so  that 
the  solution  becomes  locally  acidic  as  the  acid  mixes  with  it.  If  the  solution  stays  acidic  long  enough, 
reactions  3  and  4  occur,  releasing  NO.  A  portion  of  the  NO  then  is  oxidized  to  NO2  by  atmospheric 
oxygen.  If  enough  NO2  is  produced  in  this  way,  a  cloud  of  brown  gas  will  be  visible.  The  release  of 
NO2  is  undesirable  and  counterproductive.  Scrubbing  liquor  is  supposed  to  remove  NO2,  not  release  it. 

The  release  of  NO  and  NO2  can  be  minimized  or  eliminated  by  using  dilute  acid,  instead  of  concentrated 
acid,  to  neutralize  the  waste  scrubbing  liquor,  and  by  keeping  the  scrubbing  liquor  agitated  during 
neutralization.  Agitation  will  increase  the  rate  of  mixing  and  thereby  decrease  the  time  any  portion  of 
the  solution  is  locally  acidic.  Mixing  will  be  more  rapid  if  the  acid  is  added  slowly.  Dilute  acid  also  has 
the  advantage  of  replenishing  the  water  lost  to  evaporation  during  the  ozone  oxidation.  The  acid  used 
to  neutralize  the  waste  scrubbing  liquor  should  not  be  unnecessarily  dilute;  otherwise,  the  volume  of  the 
treated  scrubbing  liquor  would  become  unacceptably  large.  Further  investigation  is  needed  to  determine 
exactly  when  to  add  acid  to  the  waste  scrubbing  liquor,  how  much  acid  should  be  added,  and  at  what 
concentration.  A  laboratory  investigation  could  begin  to  map  out  the  concentrations  of  hydroxide,  acid, 
and  nitrite  that  lead  to  the  release  of  NO  and  NO2. 
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IV.  CHOOSING  THE  CORRECT  EQUIPMENT  AND  PROCEDURES 


Since  the  volume  of  the  scrubbing  liquor  in  the  Titan  IV  Oxidizer  Vapor  Scrubber  is  5,000  liters  and  the 
concentration  of  nitrite  in  the  waste  liquor  from  this  scrubber  is  between  1.5  and  3.0  mol/L,  the  total 
amount  of  nitrite  that  must  be  oxidized  is  between  7,500  and  15,000  moles.  Because  one  mole  of  ozone 
oxidizes  one  mole  of  nitrite,  the  total  amount  of  ozone  required  is  also  between  7,500  and  15,000  moles 
or  between  800  and  16001b.  The  ozonator  at  VAFB’s  Hydrazine  Waste  Water  Treatment  System 
(HWWTS)  can  produce  1601b  of  ozone  per  day.^’^  Consequently,  with  this  ozonator,  between  5  and 
10  days  of  continuous  operation  would  be  required  to  oxidize  all  the  nitrite  to  nitrate  if  all  the  ozone 
produced  by  the  ozonator  reacted  with  the  nitrite  in  the  waste  scrubbing  solution. 

Of  course,  bigger  ozonators  are  available,  and  more  than  one  ozonator  can  be  used.  Even  so,  the  amount 
of  nitrite  that  must  be  oxidized  is  so  large  that  a  chemical  reactor  is  needed  in  which  all  or  almost  all  the 
ozone  that  enters  the  reactor  will  react  with  the  nitrite  in  solution  to  form  nitrate.  Fortunately,  it  should 
not  be  difficult  to  find  or  build  such  a  reactor,  since  the  rate  constant  for  the  ozone/nitrite  reaction  is 
large  and  the  reaction  proceeds  almost  as  rapidly  as  ozone  and  nitrite  can  be  brought  into  contact  with 
each  other. 

The  reaction  between  nitrogen  dioxide  (NO2)  and  sulfite  (SOs^")  in  an  alkaline  solution  is  very  similar 
chemically  to  the  reaction  between  ozone  and  nitrite  in  an  alkaline  solution.  Consequently,  any  chemical 
reactor  in  which  the  NO2  /S03^"  reaction  occurs  rapidly  and  efficiently  might  well  be  a  reactor  in  which 
the  03/N02~  reaction  occurs  rapidly  and  efficiently.  The  N02/S03^“  and  O^I^02~  reactions  are 
chemically  similar  because  NOi  and  O3  have  similar  Henry’s  law  constants  and  because  their  reaction 
rates  are  controlled  largely  by  the  rate  of  mixing  within  the  reactor.  At  25°C,  nitrogen  dioxide  has  a 
Henry’s  law  constant*  in  pure  water  equal  to  about  1  x  10“^  mol  L"'  bar“^  which  is  essentially  identical 
to  the  Henry’s  law  constant  for  ozone  in  pure  water,  which  is  1.12  x  10"^  mol  L"^  bar" ^  The 
solubilities  of  NO2  and  O3  are  probably  similar  to  each  other  in  highly  alkaline  solutions  as  well.  The 
rate  constant^  for  the  N02/S03^"  reaction  is  about  3.5  x  10  ^  L  mol"'  s“*,  which  is  a  factor  of  100  larger 
than  the  rate  constant  for  the  O3/NO2"  reaction.  This  means  that,  like  the  03/N02"  reaction,  the  rate 
of  the  N02/S03^“  reaction  is  largely  controlled  by  the  rate  at  which  the  reacting  species  come  into  contact 
with  each  other.  Ozone  and  nitrogen  dioxide  have  nearly  equal  diffusivities,  both  in  the  gas  phase  and 
in  aqueous  solution.  Likewise,  NOi"  and  S03^“  have  comparable  diffusivities  in  aqueous  solution. 
Consequently,  it  would  seem  that  a  chemical  reactor  in  which  mixing  is  rapid  enough  for  NO2  to  react 
efficiently  with  803^"  is  a  reactor  in  which  O3  would  react  efficiently  with  NO2". 

Long  and  Fickey“  showed  experimentally  that  NO2  reacts  very  rapidly  with  SO^^"  in  the  NASA/Air 
Force  oxidizer  vapor  packed  column  scrubber.  As  mentioned  in  Section  I,  this  scrubber  is  ordinarily 
loaded  with  a  25  wt%  NaOH  scrubbing  liquor  and  is  used  to  remove  waste  N2O4/NO2  vapors  at  high 
concentrations.  In  the  tests  performed  by  Long  and  Fickey,  the  usual  scrubbing  liquor  was  replaced  with 
an  alkaline  sulfite  solution  consisting  of  1.25  mol/L  NaOH  and  1.25  mol/L  Na2SC)3.  During  some  of 
these  tests,  the  initial  mole  fraction  of  NO2,  diluted  in  nitrogen,  was  less  than  6,000  ppm,  making 
reactions  1  and  2  unimportant.  The  oxidizer  vapor  packed  column  scrubber  consists  of  four  towers 
connected  in  series,  but  only  one  tower  containing  0.55  m^  of  packing  material  was  required  to  remove 
almost  all  of  the  NO2.  For  example,  when  the  combined  NO2/N2  molar  flow  was  60  mol/min  (50 
SCFM),  over  99%  of  the  NO2  was  removed  by  reaction  with  sulfite  in  the  first  tower;  when  the  flow  was 
240  mol/min  (200  SCFM),  94%  of  the  NO2  was  removed.^  A  diagram  of  a  packed  column  scrubber 
or  reactor  is  shown  in  Fig.  2. 
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Therefore,  it  seems  that  the  oxidizer  vapor  packed  column  scrubber  might  be  an  efficient  reactor  in  which 
to  oxidize  nitrite  with  ozone.  A  scrubber  with  only  one  or  two  towers  instead  of  four  towers  would 
probably  be  adequate.  It  might  be  necessay  to  pass  the  output  from  the  scrubber  through  an  "ozone 
destruct  unit"  such  as  the  one  that  is  part  of  VAFB’s  Hydrazine  Waste  Water  Treatment  System.  Acid 
could  be  continually  added  to  the  sump  tank  as  the  nitrite  in  the  scrubbing  liquor  is  oxidized  to  nitrate 
so  as  to  keep  the  ratio  [N02~]/[OH"]  large  enough  to  make  reaction  8  unimportant.  When  the  oxidation 
of  N02“  is  considered  complete,  acid  could  again  be  added  to  the  sump  tank  to  neutralize  the  oxidized 
scrubbing  liquor  to  pH  7.  The  solution  would  then  be  ready  for  use  as  fertilizer. 

The  Titan  IV  scrubber  is  equipped  with  a  water-cooled  heat  exchanger  that  can  be  used  to  keep  the 
temperature  of  its  scrubbing  liquor  just  a  few  degrees  above  the  temperature  of  the  cooling  water.  The 
scrubber  that-services  the  Space  Shuttle  does  not  have  a  heat  exchanger  because  it  was  designed  to  handle 
smaller  quantities  of  waste  N2O4/NO2  vapors.  If  a  packed  column  reactor  is  used  to  treat  waste  scrubbing 
liquor,  it  too  should  probably  be  equipped  with  a  water-cooled  heat  exchanger  to  prevent  the  temperature 
of  the  liquor  from  becoming  too  warm. 

The  oxidizer  vapor  packed  column  scrubbers  are  designed  for  gas  flow  rates  between  50  and  400  CFM. 
An  ozone  generator  that  produces  3.0  mole%  O3  in  O2  at  a  flow  rate  of  60  SCFM  (70  mol/min)  would 
cost  about  $150,000,  not  counting  the  costs  of  installation  and  providing  cooling  water.  With  this  size 
ozonator,  5  days  of  continuous  operation  would  be  required  to  oxidize  5,000  L  of  solution  initially 
containing  3.0  mol/L  N02-  [(3)(5000)/(0.03)(70)  =  7,000  min  «  5  days].  Quicker  operation  could,  of 
course,  be  achieved  using  a  larger  ozonator  at  a  higher  cost. 

An  alternative  to  a  packed  column  reactor  is  a  bubble  column  reactor,  which  is  cheaper  to  build  and  no 
more  costly  to  operate.  Bubble  column  reactor  are  usually  at  least  as  efficient  as  packed  colunm  reactor 
of  the  same  size.  Unlike  a  packed  column  reactor,  the  pressure  drop  in  a  bubble  column  reactor  is 
substantial  since  the  reactive  gas  must  bubble  through  a  column  of  liquid.  For  many  applications,  a 
substantial  pressure  drop  is  unacceptable;  however,  ozone  generators  typically  operate  at  a  pressure  of 
30psig,  which  is  sufficient  to  bubble  through  a  column  of  water  several  meters  high.  The  IIT  Research 
Institute  (IITRI)  designed  a  bubble  column  reactor  for  reacting  NO2  with  $03^“.  IITRI’s  design  was 
based  on  sound  engineering  principles  and  the  results  of  pilot  tests.^  Bubbles  are  produced  by  a  sparger 
having  4-mm  diameter  holes  for  the  reactive  gas  to  flow  through.  The  bubble  column  reactor  designed 
by  IITRI  for  the  N02/S03^"  reaction  should,  with  perhaps  some  modifications,  be  suitable  for  reacting 
O3  with  NO2".  The”  Hydrazine  Waste  Water  Treatment  System  (HWWTS)  at  VAFB  is  also  a  bubble 
column  reactor,  or  actually,  a  pair  of  bubble  column  reactors  connected  to  a  single  ozone  generator.  The 
system  has  been  in  operation  for  three  years  and  has  performed  successfully  during  that  time.  In  the 
HWWTS  reactors,  ozone  reacts  with  and  destroys  hydrazine  fuels  dissolved  in  water.  As  is  discussed 
in  the  next  several  paragraphs,  the  HWWTS  bubble  column  reactors  and  ozone  generator  could  also 
probably  be  used  to  oxidize  the  nitrite  in  waste  scrubbing  liquor  to  nitrate. 

Most  bubble  column  reactors  are  equipped  with  a  sparger  having  many  small  holes  or  orifices.  Spargers 
having  small  holes  can  produce  small  bubbles,  but  they  can  also  easily  become  plugged,  especially  when 
immersed  in  a  very  concentrated  solution.  The  IITRI-designed  sparger^  has  4-mm  dia  holes  or  orifices, 
which  are  larger  than  is  typical.  The  HWWTS  bubble  column  reactors  do  not  have  spargers  at  all. 
Instead,  as  proposed  to  the  Air  Force  by  Farzad  Baban  of  The  Aerospace  Corporation,  the  reactive  gas, 
ozone,  is  injected  directly  into  the  bubble  column’s  3-inch  OD  liquid  recirculation  pipe.  The  liquid  flow 
through  this  pipe,  which  is  150  gal/min,  causes  the  gas  that  is  injected  into  it  to  break  up  into  bubbles 
of  various  sizes.  Further  breakup  occurs  and  the  bubbles  become  smaller  as  liquid  and  entrained  gas  are 
discharged  into  the  HWWTS  reaction  tank.  A  diagram  of  the  HWWTS  bubble  column  reactor  is  shown 
in  Fig.  3. 
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The  two  HWWTS  reactors  or  reaction  tanks  are  connected  in  parallel  and  can  be  operated  independently. 
The  single  ozone  generator  supplies  ozone  simultaneously  to  both  bubble  columns.  This  ozone  generator 
is  from  PCI  Ozone  Corporation,  model  HT50,  list  price  $77,000,  and  is  capable  of  producing  an  O3/O2 
mixture  containing  4.5  wt%  O3  (which  is  equivalent  to  3.0mole%  or  30,000 ppm  O3)  at  a  molar  flow  rate 
of  up  to  30  SCFM  (35  mol/min).  As  stated  at  the  beginning  of  this  section,  it  would  take  at  least  10  days 
to  convert  5,000  L  of  waste  scrubbing  liquor  containing  3.0  mol/L  N02~  to  fertilizer  using  the  HWWTS 
bubble  column  reactors  with  only  the  single  ozonator  that  the  HWWTS  now  has  [(3.0)(5000)/(0.03)(35) 
=  14,000  min  «  10  days]. 

Up  to  1 125  gallons  (4,250  L)  of  liquid  can  be  treated  at  a  time  in  each  HWWTS  bubble  column  reactor. 
Both  reactors  would  therefore  be  needed  to  treat  5,000  L  of  waste  scrubbing  liquor.  If  the  scrubbing 
liquor  is  divided  equally  between  the  two  reactors,  each  reactor  would  contain  2,500  L  of  liquid,  which 
is  about  60%  of  its  rated  capacity.  This  rated  capacity  is  for  a  liquid,  such  as  water,  that  does  not  froth 
when  gas  is  bubbled  through  it.  Some  frothing  might  be  expected  when  bubbles  are  passed  through  a 
concentrated  alkaline  solution,  but  the  amount  of  frothing  is  probably  not  very  great  otherwise  frothing 
would  have  been  observed  and  reported  as  a  problem  during  either  of  the  two  Air  Force  sponsored  studies 
in  which  ozone  was  bubbled  through  simulated  waste  scrubbing  liquor.*®’^  The  volume  of  froth  can  be 
1,250  L  or  about  a  foot  high  in  the  89.5-inch  ID  reactor  without  the  combined  volume  of  liquid  and  froth 
exceeding  90%  of  the  rated  capacity. 

VAFB’s  Hydrazine  Waste  Water  Treatment  System  was  constructed  so  that  a  variety  of  liquids,  including 
dilute  acid,  could  be  pumped  into  the  liquid  recirculation  pipe  while  O3/O2  is  bubbling  through  the 
reaction  tanks.  Continual  addition  of  the  proper  amount  of  dilute  acid  will  keep  the  [N02"]/[OH"]  ratio 
always  within  acceptable  limits.  When  the  oxidation  of  NO2"  is  considered  complete,  more  acid  can  be 
added  to  neutralize  the  oxidized  scrubbing  liquor  to  pH  7.  The  solution  would  ften  be  ready  for  use  as 
fertilizer. 

Jim  Kephart  of  The  Aerospace  Corporation,  Vandenberg,  has  suggested  delivering  a  jet  of  gaseous 
nitrogen  into  the  liquid  in  the  HWWTS  bubble  column.  This  nitrogen  jet  would  agitate  the  liquid  with 
the  intent  of  breaking  up  any  large  bubbles  of  O3/O2  that  might  be  present  and  thereby  increasing  the  rate 
at  which  O3  could  be  absorbed  into  the  liquid.  This  seems  to  be  a  fine  idea.  A  nitrogen  jet  would  not 
only  agitate  the  waste  scrubbing  liquor,  it  would  also  cool  it  by  increasing  the  water  evaporation  rate. 
This  could  very  well  make  an  external  heat  exchanger,  or  the  insertion  of  cooling  coils,  unnecessary. 
If  the  nitrogen  flow  were  too  great,  there  could  be  so  many  bubbles,  so  densely  packed,  that  some  of  the 
small  bubbles  would  coalesce  into  large  ones.  The  criterion”  for  avoiding  bubble  coalescence  in  pure 
water  is  that  the  superficial  gas  velocity  u  should  be  less  than  5  cm/s.  The  superficial  gas  velocity  is  the 
volumetric  flow  rate  of  the  gas  divided  by  the  cross-sectional  area  of  the  bubbler  in  which  it  is  flowing. 
For  the  HWWTS  bubbler,  u  =  0.2  cm/s;  so  it  seems  that  it  should  be  possible  to  add  a  sizable  quantity 
of  nitrogen  before  bubbles  start  to  coalesce  with  each  other.  (Compressed  air  is  cheaper  than  nitrogen, 
but  is  not  a  satisfactory  substitute  because  air  contains  carbon  dioxide,  which  reacts  in  alkaline  solutions 
to  form  carbonate  precipitates.) 

The  Hydrazine  Waste  Water  Treatment  System  has  only  been  used  to  treat  water  contaminated  with  small 
amounts  of  dissolved  hydrazine  (HZ),  monomethylhydrazine  (MMH),  and  unsymmetrical  dimethyl- 
hydrazine  (UDMH).  Before  the  HWWTS  was  made  operational  at  VAFB,  it  was  tested  at  NASA’s  White 
Sands  Test  Facility There  were  5  tests  altogether.  In  each  test,  the  combined  concentration  of 
hydrazine,  MMH,  and  UDMH  was  0.007  mol/L,  which  is  several  hundred  times  smaller  than  the 
expected  amount  of  nitrite  in  waste  scrubbing  liquor.  Nevertheless,  it  still  is  worth  examining  the  results 
of  these  tests  to  see  what  can  be  deduced  about  the  performance  of  this  system  as  it  relates  to  ozone 
oxidation  of  nitrite  in  waste  scrubbing  liquor. 
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No  measurements  were  made  of  the  amount  of  ozone  that  passed  through  the  hydrazine  wastewater 
unreacted.  Thus,  there  is  no  direct  way  of  determining  if  diffusion  and  mixing  in  the  HWWTS  bubble 
column  reactors  were  rapid  enough  to  remove  all,  or  even  most,  of  the  ozone.  There  is  some  indirect 
evidence,  however,  that  indicates  that  diffusion  and  mixing  are  not  slow.  The  amount  of  O3  that  entered 
the  reactor  was  measured  in  each  test  and  so  was  the  amount  of  HZ,  MMH,  and  UDMH  consumed. 
During  the  first  one  or  two  hours  of  test  time,  the  ratio  of  O3  molecules  entering  the  reactor  to  the 
molecules  of  HZ,  MMH,  and  UDMH  destroyed  was  between  1.3  and  2.5,  depending  on  test  conditions. 
It  is  not  known  how  many  ozone  molecules  are  required  to  oxidize  one  molecule  of  HZ,  MMH,  or 
UDMH  to  a  product  that  resists  further  oxidation,  but  even  if  only  one  molecule  can  do  the  job,  these 
results  indicate  that  a  sizable  fraction  of  the  ozone  reacted  in  the  bubbler,  and  maybe  even  all  the  ozone 
reacted. 

The  HWWTS  bubble  colunrn  reactor  was  originally  built  with  porous  metal  spargers.  Two  tests  were 
successfully  completed  using  these  spargers  before  they  became  plugged.  One  of  these  tests  was  later 
repeated  with  the  sparger  removed  and  the  O3/O2  gas  mixture  injected  into  the  liquid  recirculation  pipe, 
as  is  now  done.  As  might  be  expected,  the  hydrazine  fuels  were  oxidized  more  rapidly  when  the  porous 
metal  spargers  were  used  because  the  bubbles  were  smaller;  however,  the  rate  of  oxidation  was  not  much 
faster.  It  took  9.5  hours  to  oxidize  all  three  hydrazine  fuels  to  indetectably  small  levels  when  using  the 
spargers,  while  11.5  hours  were  required  without  the  spargers.  Moreover,  during  the  first  1.5  hours  of 
testing,  there  was  essentially  no  difference  in  the  amount  of  hydrazine,  MMH,  and  UDMH  oxidized  in 
either  test.  At  the  end  of  1.5  hours,  the  combined  fuel  concentration  was  about  0.002  mol/L  in  both 
tests.  The  amount  of  oxidation  was  probably  the  same  during  the  first  1.5  h  of  testing  because  all  the 
ozone  that  entered  the  bubbler  was  consumed  by  reaction,  regardless  of  whether  spargers  were  present 
or  absent.  This  implies  that  the  HWWTS  bubble  column  reactor  without  spargers  is  close  to  100% 
efficient  when  the  combined  fuel  concentration  is  greater  than  0.002  mol/L. 

The  nitrite  concentration  in  waste  scrubbing  liquor  is  at  least  several  hundred  times  larger  than  the 
hydrazine  concentration  in  wastewater.  A  higher  concentration  would  tend  to  increase  the  rate  at  which 
ozone  reacts.  However,  as  was  pointed  out  in  Section  II,  the  ozone  solubility  is  less  because  the  solution 
is  more  concentrated,  making  the  reaction  rate  slower.  Consequently,  no  definite  conclusion  can  be 
made,  but  the  hydrazine-wastewater  tests  seem  to  indicate  that  the  efficiency  of  the  HWWTS  bubbler  will 
be  high,  perhaps  close  to  100%,  when  it  is  used  to  oxidize  waste  scrubbing  liquor. 

From  the  available  evidence,  it  seems  that  the  chances  are  good  that  waste  scrubbing  liquor  can  be 
converted  to  nitrate  fertilizer  in  a  packed  column  reactor  like  the  Titan  IV  Oxidizer  Scrubber  or  in  a 
bubble  column  reactor  such  as  the  one  designed  by  the  IIT  Research  Institute^  or  the  bubbler  that  is  part 
of  the  Hydrazine  Waste  Water  Treatment  System  at  VAFB.  The  HWWTS  bubble  column  reactors  can 
be  used,  with  only  minor  modifications,  to  oxidize  waste  scrubbing  liquor,  neutralize  it,  and  so  make  it 
into  a  fertilizer.  The  complete  Hydrazine  Waste  Water  Treatment  System  includes  an  ultraviolet 
photolysis  unit  and  a  tungsten  catalytic  tank  that  should  be  bypassed  when  treating  the  highly  alkaline 
waste  scrubbing  liquor.  The  IITRI-designed  bubble  column  reactor  could  also  be  used,  provided  its 
sparger  is  first  test^  to  insure  that  it  does  not  plug  when  used  in  waste  scrubbing  liquor. 

The  next  big  step  might  be  to  use  the  HWWTS  bubble  column  reactors  to  treat  a  batch  of  waste  scrubbing 
liquor  and  thereby  determine  efficiency  of  these  bubble  columns.  This  would  also  provide  an  opportunity 
to  determine  if  there  are  any  unforeseen  difficulties  in  using  ozone  to  convert  waste  scrubbing  liquor  to 
nitrate  fertilizer.  Performing  a  scaled-down  pilot  test  first  would  be  expensive  because  equipment  would 
have  to  be  purchased,  assembled,  and  tested.  Furthermore  a  pilot  test  cannot  determine  the  speed  and 
efficiency  of  diffusion  and  mixing  within  the  HWWTS  bubblers,  because  no  scaled-down  pilot  test  can 
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adequately  simulate  the  fluid  behavior  within  these  bubble  columns  which  contain  no  spargers,  but  rely 
on  large  scale  turbulence  in  the  fluid  motion  to  create  small  bubbles.  The  HWWTS  bubbler  could  easily 
be  relBtted  with  a  sparger,  such  as  the  one  designed  by  IITRI,  should  that  prove  necessary.  Tests  in  the 
HWWTS  bubble  column  reactor  would  provide  more  information  than  would  any  pilot  test  and  would 
be  cheaper. 

Before  the  big  step  of  using  the  HWWTS  reactors  to  treat  a  batch  of  waste  scrubbing  liquor  is  taken, 
several  smaller  steps  should  be  completed: 

(1)  Check  that  the  waste  scrubbing  liquor  is  compatible  with  all  parts  of  the  HWWTS  with  which 
it  would  come  into  contact. 

(2)  Find  and  test  analytic  techniques  that  can  be  used  in  near  real  time  to  measure  [OH"]  and 
[NO2"]  in  the  waste  scrubbing  liquor  as  it  is  being  processed. 

(3)  Determine  the  chemical  composition  of  the  waste  scrubbing  liquor  that  is  to  treated,  including 
its  impurities.  Assess  the  likelihood  of  any  of  the  impurities  forming  a  precipitate  while  the 
scrubbing  liquor  is  being  treated. 

(4)  Determine  by  laboratory  test  the  highest  acid  concentration  that  can  be  used  to  neutralize 
alkaline  nitrite  solutions  without  release  of  more  than  trace  amounts  of  NO  and  NO2. 

(5)  Prepare  a  test  plan  that  includes  a  specification  of  the  measurements  that  are  to  be  made 
during  testing,  the  procedures  that  are  to  be  followed,  and  the  precautions  that  are  to  be  taken. 
The  measurements  should  include  a  determination  of  the  maximum  reactive  gas  flow  that  can  be 
passed  through  each  HWWTS  bubbler.  The  concentration  of  nitrite  in  the  waste  scrubbing  liquor 
is  so  great  that  it  may  well  be  desirable,  at  some  time  in  the  future,  to  operate  the  HWWTS 
bubblers  with  an  O3/O2  flow  greater  than  the  current  30  SCFM  and  thereby  reduce  the  time 
required  to  oxidize  the  nitrite  to  nitrate.  If  it  is  not  possible  to  operate  the  present  spargerless 
system  at  flows  greater  than  30  SCFM,  it  might  be  necessary  to  consider  using  a  sparger  with 
large  holes  that  won’t  become  plugged. 
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